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Proceeding from a philosophical viewpoint that fluid properties are derived from fluid composition, it follows logically that a more thorough and comprehensive knowledge of composition will form a better picture of fluid properties. Many methods have been developed to advance the chemical composition characterization of complex fluids (for example, fuels).
These methods rely on analytical techniques such as gas chromatography (CG) with detectors including, mass spectrometry (MS), flame ionization detection (FID), electron capture detectors (ECD), sulfur chemiluminescence detectors (SCD), and/or thermal conductivity detectors (TCD), or nuclear magnetic resonance (NMR) spectroscopy. [8] [9] [10] [11] More recently, advances in hyphenated GC-MS techniques have emerged including: GC-MS (ion-trap), GC time-of-flight (ToF), GC-MS triple quadrupole (QQQ), GC-ToF tandem MS, GC-QToF, and two dimensional GCxGC with either FID, MS or ToF-MS detection. 12 These techniques require sophisticated software packages and statistical analyses to elucidate the composition and relate this information to properties of complex fuels. [13] [14] [15] For fuels analyses, two only the exact mass of the molecules' radical cation, its molecular ion (typically the compounds molecular mass minus an electron). Thus, this method provides the exact molecular formula, but also, detailed deconvolution of the numerous overlapping peaks.
To probe the thermophysical properties of complex fuels, the volatility is often investigated by measurement of the distillation curves. The volatility is especially sensitive to even subtle changes in chemical composition, thus making the distillation curve very instructive. In earlier work, the method and apparatus for determining advanced distillation curves (ADCs) has been described and the resulting information has proven to be especially applicable to the characterization of complex fuels. [16] [17] [18] [19] [20] [21] [22] The ADC methodology offers significant improvements over previous approaches, such as ASTM D-86, 23 and can be applied to any complex or simple fluid mixture.
In this paper, a detailed chemical composition analysis of the aforementioned gas turbine research fuels: Jet A-10325, JP-8-10264, and JP-5-10289 is presented by use of high resolution GC/QToF-MS in order to better establish the link between chemical composition and thermophysical properties. These results are complemented by NMR analysis of the neat (undistilled) fuels, which provides insight into mole fractions of various classes of hydrocarbons. Moreover, the ADC methodology is used to enhance comparison of these three gas turbine fuels. Volatility information resulting from the measurements of the ADC-derived temperatures, Tk and Th, provides an approximation of the vapor-liquid equilibrium. In addition, the examination of the ADC-derived composition channels gives detailed insight into the thermochemical properties of the fuels throughout the distillation, specifically the composite enthalpy of combustion. The data presented in this paper complements our earlier examination of the variability of gas turbine fuels, provides data necessary for the growing knowledge base, and is required to develop thermophysical models of complex mixtures. 24 These models will, in turn, aid in the development of novel fuels (or fuel blends) with a priori prediction of fuel properties, ultimately leading to the development of fuels from diversified feedstocks, that potentially decrease pollution, and are more efficient.
Experimental Section:
Materials: The gas turbine fuels used herein were provided by the Fuels Branch of the Air Force Research Laboratory (AFRL, Wright Patterson Air Force Base). Three jet fuels that have not been previously measured in our laboratory: Jet A-10325, JP-8-10264, and JP-5-10289 were analyzed along with one previously measured Jet A fuel, Jet A-4658. 24 This last fluid was a de-facto reference fuel that has been the basis for many measurements and model development studies. The jet fuels were used as is and housed in their original containers in a flammables cabinet without temperature control.
The solvent, acetone, obtained from a commercial supplier, was purity-checked by use of GC-MS and GC-FID. It was injected manually with a 10 L gas-tight syringe into a split-splitless injector. The sample was vaporized in the injector port held at 280 °C with a constant headpressure of 55.2 kPa (8 psig). The sample was separated on a 30 m capillary column (5 %-phenyl-95 %-dimethyl polysiloxane) with a film 0.25 µm thick. The column is housed in a temperature-controlled oven that was 60 °C for four minutes, followed by a 20 °C / min increase to 300 °C at which point it remained at 300 °C for four minutes. FID and MS detection were used to quantify and identify any impurities. The MS detector recorded ions from 15 to 550 relative molecular mass (RMM). These spectra were analyzed manually with the aid of the NIST/EPA/NIH Mass Spectral Database released in 2011. 25, 26 This acetone was determined to be > 99 % (mass/mass), and thus, was used as is.
Analysis of Neat Fuels by GC/QToF-MS:
GC/QToF-MS provides high sensitivity, selectivity and resolution with accurate mass, and thus, is able to provide detailed speciation of the neat (undistilled) jet fuels. A commercial instrument was used and analyses were performed in triplicate. Samples were prepared volumetrically by adding 2 L of neat fuel into ~one mL
acetone. An autosampler was used to inject 2 L of each sample into the split/splitless injector with a split ratio of 50:1. A single taper liner with silanized pyrex wool was used. The injector was help at 280 °C and a constant column flow ultra-high purity He gas at 1 mL/min (initial head pressure was 48.95 kPa (7.1 psig)) was used. A fixed emission current of 35.0 A and an electron energy of 70.0 eV were used. The samples were separated on a 30 m capillary column (5 %-phenyl-95 %-dimethyl polysiloxane) with a film 0.25 µm thick. The column, housed in a temperature-controlled oven, was programmed to be 40 °C for one minute and then to increase 10 °C / min to 260 °C. After exiting the GC column, the sample entered a quadrupole analyzer. The quadrupole analyzer parameters were set to allow all radical cations with a mass to charge ratio (m/z) from 45 to 750 amu to pass through to the collision cell.
Typically, 1 mL/min nitrogen gas is purged into the collision cell as the quench gas. This gas is sufficient for the majority of tandem MS analyses in which only the precursor (parent) ion enters the collision cell to be fragmented into additional product ions. For fuels analyses, accurate identification of the hydrocarbons requires that the parent ions remain intact. In order to detect the parent ion of normal alkanes, the collision cell was modified to use helium (2 mL/min) as the quench gas. After exiting the collision cell, the sample entered a ToF analyzer.
Ultimately, this extremely sensitive instrument provides the accurate mass of each compounds identified after deconvolution of the chromatogram, and thus, a detailed speciation with unprecedented accuracy was possible. 13 C NMR spectroscopy were prepared by mixing 0.5 mL of the fuel with 0.5 ml of chloroform-D; this NMR solvent contained 1.5 % by mass (0.06 M) of the relaxation agent chromium(III) acetylacetonate (Cr(acac)3). Therefore, the final concentration of Cr(acac)3 in the NMR sample was 0.03 M, which is comparable to concentrations conventionally used. 28 The samples were maintained at 25 °C for all of the NMR measurements. 1 H NMR spectra were referenced to the TMS peak at 0.0 ppm, and 13 C NMR spectra were referenced to the solvent peak at 77.0 ppm. producing quantitative 13 C spectra was verified previously by collecting spectra for three test compounds under similar conditions. 8 For each neat fuel, 13 C DEPT-90 and 13 C DEPT-135 spectra were also obtained. For the DEPT experiments, a coupling constant (JC-H) of 140 Hz was used, as recommended for hydrocarbon fuels with both aromatic and aliphatic components. 29 A sweep width of 29761.9 Hz (-10 ppm to 190 ppm) was used. Other acquisition parameters for the DEPT experiments included an acquisition time of 1.10 s, a relaxation delay of 2.0 s, and a total of 1024 scans. The DEPT spectra were used to determine the number of hydrogen atoms bonded to each type of carbon;
that is, they were used to identify 13 C peaks, not to quantitate the different types of carbon.
ADC Methodology:
The methods and procedure, advantages and numerous applications have been reported in previous works. [30] [31] [32] In brief, advanced distillation curves were performed at Boulder, Colorado's ambient atmospheric pressure (~83 kPa for the laboratory in Boulder, CO), which was recorded before and after each distillation by use of an electronic barometer that previously had been calibrated by use of a fixed cistern mercury barometer. This barometer was temperature corrected for the density of mercury and the brass scale expansion.
Thus, the temperatures obtained could be adjusted to that which would be obtained at standard atmospheric pressure (1 atm = 101.325 kPa). This correction was based on the modified Sydney Young equation using a constant term that represents a fluid with an average carbon chain length of 12 (0.000109). [33] [34] [35] Each distillation was with 200 mL of gas turbine fuel. Thermocouples (which had been previously calibrated in a fixed point cell) were used to record the boiling flask (kettle) temperature (Tk, the fluid temperature) and the head temperature (Th, the temperature of the vapor at the bottom of the take-off position in the distillation head "heavy" (defined as compounds that elute after n-dodecane, RT = ~10 mins) compounds than the other two jet fuels examined. This observation is consistent with the specification or fitfor-purpose properties presented in Table 1 . Interestingly, Figure 1 shows that more compounds elute after 14 mins from Jet A-10325 when compared with JP-8-10264 and JP-5-10289. This result is discussed in more detail when the compositional analysis presented in Table 2 is discussed.
The chromatograms obtained with high resolution GC/QToF-MS were analyzed with a commercial software package. First, a deconvolution algorithm resolved compounds that may have been obscured by the background noise of concurrently eluting compounds.
Chromatogram deconvolution parameters were optimized using a surrogate of known compounds. Figure 2a Table 2 shows that each fuel is basically comprised of the same chemical compounds just in differing amounts, thus it is imperative to have at least some basis for examining the relative concentrations of each compound. Table 2 shows that JP-8-10264 has a greater relative percent of "lights" (12.1 %) compared to the other fuels: Jet A-10325 (6.0 %) and JP-5-10289 (2.5 %). Additionally, Table 2 presents that more than half (56.8 %) of JP-5-10289s compounds elute after n-dodecane (RT = approximately 10 mins) compared to only 39.1 % for Jet A-10325 and only 25.7 % for JP-8-
10264
. Also, Table 2 shows that Jet A-10325 has a greater raw area percent concentration of the higher carbon number n-alkanes: n-hexadecane and n-heptadecane. This fuel also has a much greater number and concentration of compounds that elute after n-pentadecane. This result is also shown graphically in Figure 1 and helps to explain the interesting behavior observed during the distillation of these fuels (which we will discuss in the following sections).
Hydrocarbon Classification by NMR Spectroscopy: NMR is useful to examine fuels because
it gives an overview of carbon types needed for understanding of combustion properties of complex fuels like diesel and jet fuel. 13 NMR can also differentiate the amount of branching and highly-branched iso-paraffins burn quite differently than iso-paraffins with 1 or 2 branches. 6 Methods developed in other laboratories were used to determine the relative amounts of hydrogen and carbon bond types by spectral region integration.. 13, 37, 38 For jet fuels, our laboratory has made some minor changes in how we report the integral regions.
These methods have been reported previously. 8 Four sources of uncertainty were considered for the peak integrals reported herein: incomplete relaxation and residual nuclear Overhauser effects (NOE), which are significant only for the 13 C NMR spectra, repeatability in the distillation, baseline drift, and temperature. The magnitude of the influence of these uncertainties has been assessed in the same manner as reported previously. 8 The estimated values for these sources of uncertainty were added in quadrature to arrive at the combined standard uncertainties that are reported. Table 3 shows a comparison of the integral values for 1 H NMR spectral regions for the neat gas turbine fuels: Jet A-10325, JP-8-10264, and JP-5-10289. The integrals in Table 3 have not been corrected for the relative number of hydrogen atoms per carbon. That is, the integrals in Table 3 still reflect the fact that a paraffinic CH3 group has three times the signal intensity that an aromatic CH will have. Another caveat for the data in Table 3 is the obvious lack of a category for paraffinic CH because peaks for this type of proton are not well separated from the other spectral regions. From the 13 C DEPT spectra, it is clear that paraffinic CH exists in all the jet fuels. The CH peaks are expected to be mostly subsumed into the large paraffinic CH2 integral, 26 where their relative effect is minimized. They do, however, contribute significantly to the cycloparaffin region causing the amount of cycloparaffins to be overestimated. Table 4 shows a comparison of the integral values for the 13 C NMR spectral regions for the neat gas turbine fuels: Jet A-10325, JP-8-10264, and JP-5-10289. The repeatability of the 13 C NMR measurement is not as good as the 1 H measurement because baseline drift is more important for the 13 C NMR spectra (which have relatively low signal-to-noise ratios), and there is some uncertainty due to relaxation and residual NOE effects. Consequently, the integral values for the 13 C NMR spectral regions have larger uncertainties. As one might suspect, the spectra for these sample were similar to what has been seen previously for jet fuels when analyzed by NMR. 8 The NMR tables present an extremely detailed view of the hydrogen and carbon bond types found in these three jet fuels. The best way to compare the aromatic content of each fuel is to examine In Table 5 , the initial temperature observations for the fuel samples and the average measured The uncertainty in the volume measurement that is used to obtain the distillate volume fraction was 0.05 mL in each case. Average kettle and head temperatures are reported for each distillate volume fraction for the gas turbine fuels Jet A-10325, JP-8-10264, and JP-5-10289
in Table 6 , as well as, the average measured atmospheric pressure for the duration of the distillation. These data, Tk as a function of distillate volume fraction, are also represented graphically in Figure 4 .
The temperature at which the first drop of fluid falls into the lever stabilized is indicated as a tick mark on the temperature axis. The first drop is considered the 0.025 % distillate volume fraction. Distillation temperatures for JP-8-10264 were lower than those observed for both Jet A-10325 and JP-5-10289 throughout the entire distillation. Also, distillation temperatures observed for JP-5-10289 were higher than those observed for Jet A-10325 and JP-8-10264
throughout the entire distillation, except for at the 90 % distillate volume fraction, at which point Jet A-10325 boils at a higher temperature than JP-5-10289. This result is consistent with the results presented in both Table 2 and Figure 1 . Jet A-10325 has a greater concentration of both n-hexadecane and n-heptadecane than the other new jet fuels. These higher carbon chain compounds require higher temperatures to vaporize out of the boiling fuel. Additionally, in order for JP-5-10289 to meet the aforementioned specification for a higher flash point, some
of the light components are distilled off during formulation. Removing some of the lights requires concomitant removal of the higher boiling n-paraffins because they will crash out of solution without the solvating effects of the light compounds. Thus, an increased boiling temperature was observed for the lower distillate volume fractions and a decreased boiling temperature was observed for the higher distillate volume fractions.
While the measurement of Th has no fundamental significance, the difference between the Tk and Th measurement provides insight into the possibility of azeotropic behavior. Nothing indicative of azeotropy was observed for any of the jet fuels examined here.
To place the current distillation curve measurements into historical context, Figure 5 presents the distillation curves for the gas turbine fuels Jet A-10325, JP-8-10264, and JP-5-10289, in the context of the experimental base discussed by Burger et al. 24 Please see Ref. 13 for more details regarding these previously measured gas turbine fuels. The thin black lines represent these previously measured fuels, with Jet A-4658 denoted by the red square symbols. The shaded areas in blue and pink represent one and two standard deviations, respectively, from the average distillation temperatures of all 21 fuels measured in that earlier study. 24 The standard deviation is used to describe the spread in the fuel's properties when obtained from different sources, not the experimental uncertainty. Figure 5 shows that Jet A-4658 vaporizes at slightly higher temperatures than Jet A-10325. Also, Figure 5 shows that JP-8-10264
vaporizes at slightly lower temperatures than the two standard deviation average of all of these fuels below ~ 25 % distillate volume fraction, at which point this fuel begins to approach the distillation behavior of Jet A-10325. Additionally, it is shown that JP-5-10289 vaporizes at the upper extreme of the two standard deviations of the average distillation temperatures until the ~ 30 % distillate volume fraction. At higher distillate volume fractions, this fuel's distillations temperatures converge to that of both the average and Jet A-10325.
GC-MS Hydrocarbon Classification:
The analysis of distillate composition may be further enhanced by the use of a mass spectrometric classification technique, similar to ASTM D-2789, which gives the percent of the sample found in various hydrocarbon family types.
41, 42
The procedures, uncertainty, and the potential difficulties of this method have been reported previously. 21 In brief, this technique is specified for use in low olefinic gasoline, thus, this technique was not developed specifically for gas turbine fuels. This technique is useful because the fuel community has historically used ASTM D-2789 as a means with which to compare current and emerging jet fuels. Thus, it affords data for historical and consistent fuel comparisons with the experience base.
This analysis was applied to the gas turbine fuels, Jet A-10325, JP-8-10264, and JP-5-10289. Table 7 gives the percent of the hydrocarbon family type found in each neat fuel and Figure 6 shows the changes in the percent hydrocarbon family through the distillations of the gas turbine fuels. It is important to note that the sampling is done instantaneously and this compositional data is not cumulative; in fact, it is a snap-shot in time of the distillate. These analyses showed that the percent of indanes, tetralins and naphthalenes increases through the distillation in each jet fuel sample whereas the percent of alkyl benzenes decreases. This result The molar enthalpy of combustion (Table 8 , Figure 7 ) increased with distillate volume fraction as the concentration of lighter compounds vaporized out of the fuel samples. Figure 7 and Table 8 reveal that, on a molar-basis JP-5-10289 has more energy content than the other two gas turbine fuels throughout the entire distillation. Figure 7 and Figures S1 and S2 and Table   8 and Tables S1 and S2 show that the changes in energy content of the distillate volume fractions for each fuel was only observed when the enthalpy of combustion on a molar-basis was examined. No differences were observed when comparing the data on a volume-or massbasis within the calculated uncertainty.
Conclusions:
In this paper, a powerful technique for elucidating the chemical composition of complex fuels is presented and related to thermophysical properties measurement by use of the ADC method.
This novel methodology was applied to three reference gas turbine fuels to be used as a basis high resolution GC/QToF-MS which was employed herein. The results will aid novel fuels to be compared with fuels currently in the supply chain. In addition, the data collected here adds to the growing understanding of the thermophysical property data of gas turbine fuels, which is required for thermophysical property modeling systems. Such modeling will, in turn, aid in the development of new fuels and optimization of engines with the goals of diversify feedstocks, decreasing pollution, and increasing efficiency.
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